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ABSTRACT 



We present the first results of the observations of the 
X-ray pulsars LMC X-4, 4U0352+309 and EX01722- 
363 performed with the INTEGRAL observatory. 
The LMC X-4 was investigated during the whole su- 
perorbital cycle (^30 days) and it was found that its 
period was not stable at this time scale. We detected 
a variable X-ray flux (18-60 keV) from the pulsar 
EX01722-363, which could be connected with the 
orbital motion in the binary system. A more accu- 
rate position and the estimate of the orbital period 
for this source are reported. We also investigated a 
hard X-ray spectrum of 4U0352+309 (X Pcrsci) mea- 
sured with INTEGRAL and report the detection of 
the cyclotron absorption line at about 29 keV. 

Key words: neutron stars; X-ray pulsars . 



1. INTRODUCTION 



At the moment more than 60 X-ray pulsars have 
been found to be members of binary systems. Most 
of them are concentrated in the Galactic plane and 
therefore are among the primary targets of the IN- 
TEGRAL observatory. We investigated 15 X-ray 
pulsars — persistent, transient, Be-systems etc., ob- 
served in different parts of the INTEGRAL observa- 
tional programs. 

Here we present preliminary results of the analysis 
of the INTEGRAL data for several sources from this 
group. 



TON from the Baikonur cosmodrome on October 17, 
2002 (Eismont et al. 2003). The payload includes 
four principal instruments to carry out simultaneous 
observations of sources in the X-ray, gamma-ray and 
optical energy bands (Winkler et al. 2003). The 
observational program of the observatory consists of 
Core and General Programs. The main part of Core 
Program consist in regular scans of the galactic plane 
and deep observations of the galactic central radian. 
General Program is formed from the proposals of sci- 
entists. In this work we used the data collected by 
the detector ISGRI (Lebrun et al. 2003) of the IBIS 
telescope (Ubertini et al. 2003) and JEM-X tele- 
scope (Lund et al. 2003) in frames of both programs 
as well as during calibration observations. 

For imaging and spectral analysis of IBIS/ISGRI 
data we followed the methods described in Revnivt- 
sev et al (2004). For spectral analysis we used a 
simple ratio of the flux measured from the source 
to the fluxes of the Crab nebula in the same energy 
bands and assumed that the Crab nebula spectrum 
has the form dN(E) = 10E- 21 dE, where N(E) is 
the number of photons at energy E. Our analysis of 
an extensive set of Crab calibration observations has 
shown that the source absolute flux can be recovered 
with an accuracy of 10% and the systematic uncer- 
tainty of relative flux measurement in different en- 
ergy channels is less than 5%. Last value was added 
to the following spectral analysis as a systematic un- 
certainty The analysis of the JEM-X data and the 
timing analysis of the ISGRI data were performed 
with the standard package OSA 3.0. 1 . 



3. LMC X-4 



2. OBSERVATIONS AND DATA ANALYSIS 



The international gamma-ray observatory INTE- 
GRAL was launched by the Russian launcher PRO- 



X-ray pulsar LMC X-4 (~13.5s) is a member of a 
massive binary system with 1.408 day orbital period. 
In addition, LMC X-4 shows a modulation of X-ray 
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Figure 1. X-ray map of the region around of LMC X- 
4 obtained with INTEGRAL/IBIS in the 18-60 keV 
energy band. 



flux with 30.5 day cycle. During approximately 60% 
of this cycle it is observed in a high intensity state, 
while during the remaining 40% of the cycle its X- 
ray flux drops to ~ 60 times lower level (Lang et al. 
1981). This periodicity can be attributed to process- 
ing tilted or warped accretion disk, which periodi- 
cally eclipses X-ray emitting regions. 

LMC X-4 was observed with INTEGRAL in Jan- 
uary 2003 during observations of the Large Magel- 
lanic Cloud in the frame of the General Program. 
More than 1 million seconds of total useful exposure 
were collected. The X-ray map of the region contain- 
ing LMC X-4 obtained in the 18-60 keV energy band 
is shown in Fig^ 

These INTEGRAL observations covered almost 
whole 30.5 day cycle and allowed us to investigate 
the source behavior in hard X-rays on different time 
scales. In the upper panel of FigEI the light curve 
obtained with IBIS/INTEGRAL in the 20-50 keV 
energy band is presented. The observed turn-on mo- 
ment does not coincide with those predicted from the 
previous determinations of the 30.5 day cycle param- 
eters (Lang et al. 1981, Levine et al. 2000, Paul 
et al. 2002). The average epoch-folded light curve 
obtained from about 8 years of ASM/RXTE obser- 
vations is shown in the bottom panel of FigEI It is 
clearly seen that the average turn-on moment does 
not coincide with the INTEGRAL one. Such dis- 
crepancy is the evidence that the period of the 30.5 
day cycle is not stable. It seems that this instability 
of the precessing period is typical for all binary sys- 
tems where it is observed (see Clarkson et al. 2000). 
The orbital light curve of LMC X-4 obtained with 
IBIS/INTEGRAL during two orbital cycles in the 
high-state is shown in Fig|21 Vertical dashed lines 
show the moments of X-ray eclipses obtained from 
the known orbital parameters of the system (Lang et 
al. 1981). It is interesting to note short increases of 
the source intensity just after the eclipses, observed 
in both orbital cycles. 
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Figure 2. LMC X-4 30.5 d light curve, obtained with 
LNTEGRAL/IBLS in January 2003 (upper panel). 
The average for ^8 years 30.5 day light curve, as 
measured with ASM/RXTE (bottom panel). The 
zero phase of the ASM/RXTE light curve was re- 
calculated to date of INTEGRAL observations. 

In the standard accretion torque model we can es- 
timate the magnetic dipolc moment of LMC X-4 
of the order of [i ~ 10 31 G cm 3 , which corre- 
sponds to the magnetic field strength on the neu- 
tron star surface B ~ 10 13 G. If this is the case, 
cyclotron spectral feature is expected at energies 
E = 1.16 • 10- n S(l - ^$f) 1/2 keV - 100 keV (here 
we take into account gravitational redshift of the neu- 
tron star assuming its radius R = 12 km and mass 
M = 1.4M©). Before INTEGRAL there were sev- 
eral discrepant indications of possible cyclotron line 
feature in the spectrum of LMC X-4. Different au- 
thors (Levine et al. 1991, Mihara 1995, Woo et al. 
1996, La Barbera et al. 2001) claimed the detection 
of a cyclotron absorption line in 19-100 keV energy 
range. 

We performed analysis of the LMC X-4 broadband 
spectrum obtained with JEM-X and IBIS telescopes 
of the INTEGRAL observatory during ~ 300 ksec- 
onds of the source in the high state (Fig0J. This 
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Figure 3. Orbital modulation of the hard X-ray flux 
of LMC X-4 in the high state. 
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Figure 4- Spectrum of LMC X~4 measured with 
INTEGRAL/ JEM-X+IBIS (upper panel) . Solid line 
represent a best-fit model described in the text. Devi- 
ations of the experimental data (in a) from the best- 
fit model (bottom panel). 



analysis shows that the LMC X-4 average spectrum 
can be well fitted by a "canonical" pulsar model 
(White ct al. 1983), which consist of a simple pow- 
erlaw with the photon index of T = 0.20 ± 0.15 and 
a high energy cutoff at E cut = 9.1 ± 0.8 keV with 
E f = 11.0 ± 0.6 keV ( X 2 = 0.93 per d.o.f.). 

To search for a possible cyclotron resonance absorp- 
tion line in the source spectrum it was included into 
the model. A centroid energy of the line was varied 
from 5 to 100 keV and other parameters were fitted. 
In this analysis we have not found any indications 
of the cyclotron resonance absorption in the source 
spectrum at the level more than 2a. Thus at the 
moment we cannot confirm any results obtained ear- 
lier and make a final conclusion about the magnetic 
field value in the source. More detailed analysis of 
the INTEGRAL data is now in progress. 



4. EX01722-363 



The X-ray pulsar EXO 1722-36 was regularly ob- 
served by INTEGRAL observatory during the Core 
Program scans of the Galactic plane and during the 
ultra deep observations of the Galactic Center. The 
source was clearly detected with a high statistical 
significance at the energies up to ~60 keV. Angu- 
lar resolution, available with the INTEGRAL tele- 
scopes allowed us to improve the localization of the 
source (see Lutovinov et al. 2003 for the preliminary 
results) in comparison with that measured by the 
EXOSAT observatory (Warwick et al. 1988). The 
X-ray map of sky around EX01722-363 is shown in 
FigGO The white cross and the circle represent the 
EXOSAT position and error circle. The new position 
measured with IBIS/INTEGRAL, RA = 17 h 25 m ll s 
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Figure 5. X-ray map of the EX01722-363 region ob- 
tained with INTEGRAL/IBIS in the 18-60 keV en- 
ergy band 
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The long term observations of the source during the 
ultra deep exposure of the Galactic Center revealed 
variability of the source X-ray flux on time scales of 
several days. This variability observed with INTE- 
GRAL/IBIS (18-60 keV) was also detected by RXTE 
in the 3-20 keV energy band (Markwardt, Swank 
2003). The RXTE/PCA observations allowed to 
detect the modulations of EX01722-363 X-ray flux 
with a period of 9.737 ± 0.004 days which was in- 
terpreted as an orbital period. Our measurements of 
the orbital period from hard X-ray light curve (FigEJ 
gives the value of 9.725 ± 0.045 days, in good agree- 
ment with RXTE result. 

In order to construct the broadband energy spec- 
trum of the source with highest possible significance 
we combined the data of the INTEGRAL and RXTE 
observatories. RXTE observatory performed a num- 
ber of observations in 1998-2003 covering different or- 
bital phases of the binary. The analysis of the INTE- 
GRAL /IBIS data showed that the shape of the hard 
X-ray part of the spectrum did not change inspite of 
the strong flux variability (with possible exception of 
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Figure 6. Light curve of EXO 1722-363 in 18-60 keV 
energy band. Orbital modulations are clearly seen. 
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Figure 7. Broadband spectra of EX01722- 
363, obtained by RXTE/PCA (dark circles), 
RXTE/HEXTE (triangles) and INTEGRAL/IBIS 
(crosses). Dashed line represent a best-fit approxima- 
tion of the INTEGRAL/IBIS data by simple power 
law with the photon index o/~ 3.5. 
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Figure 8. Pulse profile of ^110352+309 in three en- 
ergy bands, as seen with IBIS/INTEGRAL. Errors 
correspond to la level. Background was not sub- 
tracted. 



the eclipse period), therefore in Fig[7|we present the 
hard X-ray part of the spectrum of EXO 1722-363 
averaged over all available data (INTEGRAL/IBIS 
and RXTE/HEXTE). However, low energy part of 
the spectrum (3-20 keV) strongly depends on the 
orbital phase. The value of photoabsorption column 
strongly varies with the orbital phase and can reach 
value of the order of Nh — 10 24 cm~ 2 (see also 
Tawara et al. 1989). Examples of the source spec- 
trum during different orbital phases are presented 
in Figd It should be noted that the spectrum of 
the source detected by the RXTE/PCA is strongly 
contaminated by a contribution of the Galactic ridge 
emission. The spectra presented in FigQ were cor- 
rected for this contribution (using the method similar 
to that used in Revnivtsev 2003). In this proceedings 
we will not go into the details of the spectral anal- 
ysis of the source. A detailed analysis of the source 
broadband spectral variability will be presented in a 
separate paper. 



5. 4U0352+309/X PERSEI 
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Figure 9. 4U0352+309 light curve in the 2-12 keV 
energy band as seen by ASM/RXTE during ~S years 
(upper panel) with corresponding hardness ratio (bot- 
tom panel). 



4U0352+309/X Persei is a low luminosity [L x ~ 2 
- 4 xlO 34 erg/s) Be/X-ray binary, consisting of the 
837 second X-ray pulsar 4U0352+309 and Be star 
companion optically identified as the star X Persei 
(HD 24534) . Recent BeppoS AX observations showed 
that the spectrum of the source can be described 
with a combination of the standard pulsar spectrum 
model and a powerlaw with both high- and low- 
energy cut-offs, which dominates above 15keV (di 
Salvo' et al. 1998). The analysis of the RXTE ob- 
servations (Coburn et al. 2001) reveals the presence 
of the cyclotron line at about 29keV. Be stars are 
known to have a dense slow disk- like equatorial wind 
and a low-density fast wind from higher latitudes. 



The bright state of the star correlates with the pres- 
ence of the emission lines and is the evidence of the 
presence of equatorial disk. No clear correlations be- 
tween the X-ray and the optical properties of the 
source were found (e.g. Telting et al. 1998). 

4U0352+309 was in the field of view of the IN- 
TEGRAL/IBIS telescope on August 14, 2003 dur- 
ing the calibration observations of the Crab nebula. 
The total useful exposure time was about 50 ksec- 
onds.The source was detected with an average flux 
of - 40mCrab in the 20-100 keV energy band. The 
coherent pulsations with a period of ~ 838 s were 
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Figure 10. Spectrum of ^TJ 0352+309 obtained with 
IBIS/INTEGRAL (upper panel). Histogram repre- 
sents a best-fit model of the power law with the high- 
energy cutoff and the cyclotron line. Middle and bot- 
tom panels show the deviations of the experimental 
data (in a) from best fits for the two model spectra: 
without cyclotron absorption line and with this line, 
respectively. 



detected at the energies up to 100 keV (PigEJ. The 
pulse profile has a typical shape for this source with 
one broad peak. Unfortunately, we can only very 
roughly estimate the source pulse fraction in these 
energies as ~ 20% because of a lack of accurate 
knowledge of the background. 

Analysis of the 4U0352+309 light curve obtained 
with the ASM/RXTE monitor indicates that dur- 
ing last 2 years source intensity in 1.3-12 keV energy 
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Figure 11. Energy spectrum of J^U 0352+309. His- 
togram represents best-fit model of power law with 
the high-energy cutoff and absorption cyclotron line. 
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Figure 12. The double peaked Ha line profiles mea- 
sured with RTT-150 from X Persei. 

band increased by several times and reached its max- 
imum on May 2003 without strong changes in the 
hardness (FigEJ. Thus observations of 4U0352+309 
with INTEGRAL were performed closely to the max- 
imum of the source intensity. 

The source spectrum measured with 
IBIS/INTEGRAL is shown in the upper panel of 
FigEH The dots with error bars represent the pulse- 
height spectrum (in units of cntss -1 cm~ 2 keV -1 ), 
and the histogram represents the corresponding 
model spectrum of the powerlaw with a high energy 
cutoff which is typical for X-ray pulsars (White 
et al. 1983). The deviations of the measured 
spectrum from the model spectra convolved with 
the instrumental response matrix are shown in the 
middle panel. It is clearly seen that near 30keV 
there is a wide absorption feature, which can be 
interpreted as a cyclotron resonance absorption 
line. Addition of this component to the model 
improves the fit (bottom panel) with a significance 
of ~ 3<T (Ax2-tcst). The best-fit parameters are: 
photon index T = 1.92 ± 0.19, E cut = 50 ± 16 keV, 
E f = 77±27keV, r = 0.33±0.12, E cycl = 28.8±2.5 
keV (the cyclotron line width was taken from 
Coburn et al.(2001) and fixed on 9 keV). The 
obtained centroid energy of the cyclotron line is in 
a well agreement with RXTE results (Coburn et 
al. 2001). The energy spectrum of 4U0352+309 is 
shown in Figllll 

We have obtained series of high-resolution optical 
spectra of X Persei with 1.5-m Russian- Turkish Tele- 
scope (RTT150), using its new Coude-echelle high 
resolution spectrometer. Three high signal-to-noise 
spectra have been obtained in November 13/14, 
2003, January 9/10, 2004 and January 18/19, 2004 
in the spectral range 4000-9000 A with a resolution 
of R = 40000. Profiles of H a -\ine measured in these 
observations are shown in FigEl The registered in- 
tensity of H a line emission was very high and it indi- 
cates that the optical star of X Persei binary system 
was in an active state during the observations. 

To search for a possible modulation of the ffa-line 
intensity on a time scale of the pulsar period a set 
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Figure 13. Dependence of the ratio of the intensities 
of the blue and red-shifted peaks of the Ha line on 
the pulse period phase. 

of 200 short (30 seconds) exposure spectra was ob- 
tained on November 13/14, 2003 with the resolution 
of R = 20000. We selected for the following anal- 
ysis 107 spectra with highest S/N ratio. For each 
spectrum we calculated a ratio of left-to-right peaks 
intensities of the H a -\me profile. The obtained series 
cover approximately 8 pulsar periods. All data were 
binned into 10 pulse phase bins and averaged inside 
of each of them. The ratio of left-to-right peaks in- 
tensities of the H a -\me profile versus a pulse period 
phase is presented in FigEH No significant modula- 
tion of the measured value with the pulse period was 
found. 



6. SUMMARY 

^From our preliminary analysis of X-ray pulsars, ob- 
served with the INTEGRAL observatory we can con- 
clude: 

• no cyclotron line was found in the LMC X-4 
spectrum in the 5-100 keV energy band; 

• new accurate position was measured for 
EXO 1722-363; possible orbital period ~ 9.73 
day was found; 

• unusually bright state of 4U0352+309/X-Persei 
system was observed; cyclotron resonance ab- 
sorption feature is detected at ~ 28.8 keV; no 
pulsations of H a emission line flux were de- 
tected. 
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